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1
STUDENT NEURAL NETWORK

FIELD OF THE INVENTION

The present imvention generally relates to the use of a
neural network to process information. More specifically,
the present invention relates to the use of information

generated 1n the tramning of a first neural network as iputs
to train a second neural network.

BACKGROUND OF THE INVENTION

A neural network 1s a network of many very simple
processors, the processors also being known as neurons,
nodes, units, or perceptrons. The processors are connected
by umidirectional communication channels (connections),
that carry numeric data. The processors operate only on their
local data and on the inputs they receive by way of the
connections. Numerical values called weights express the
strength of each connection. The weights may be modified
to 1crease or decrease the strength of the connections.

While there are many different types of neural networks,
teed-forward neural networks are the most common. Feed-
forward neural networks can generally be implemented as
tunctions y(I,w) of a vector “1” of inputs and a weight or
parameter vector “w”. Adjustment of vector w 1s referred to
as training. Thus, mstead of being pre-programmed to carry
out a specific task, feed-forward neural networks have a
“training” rule whereby the internal weights of each con-
nection are adjusted according to data patterns introduced to
cach weight. While numerous different training methods are
currently available, one of the most commonly used meth-
ods 1s error back-propagation.

Tramming of the internal weights or gains 1s difficult,
especially when the neural network 1s implemented 1n
hardware such as an analog computation device or chip.
Many schemes have been developed to aid the insertion of
the weights or gains 1nto the proper location of the math-
ematical process. However, most of these approaches
involve charge injection into floating gate devices to adjust
the internal impedances or select internal voltages, thus
presenting numerous well known difficulties. Some of the
difficulties presented are lack of precision of the charge
injection, verification of the charge injected, and leakage of
the charge injected resulting 1n drifting of the weights. As a
result, there 1s a need for a neural network that may be easily
trained without the need to adjust the network’s internal
weights or gains.

Neural network training 1s also diflicult because training
data sets generally contain a vast quantity of information
even though only a small fraction of the information 1is
relevant to carry out the desired task. Processing such a large
amount of information requires a great amount of time and
requires expending a large amount of computing power. As
the task to be carried out by a particular neural network
increases, the time and computing power expended to per-
form the task also increases, eventually reaching the point
where any advantages associated with using a neural net-
work to perform the task are lost.

In order to more efliciently process complex information
using neural networks, attempts have been made to reuse the
results of previous traiming efforts and computer time so that
similar classes of complex problems can be solved without
re-teaching a random network from scratch (tabula rasa).
Currently, this 1s done by either training unique networks for
cach similar task or by training one network “A” to complete
one of the tasks and then retraining the resulting network to
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perform a similar task as network “B”. However, these
methods have not proven to be desirable as the retraining of
network “A” often takes more time than the training of an
empty, random, untrained network. Further, there 1s no
guarantee that A’s training 1s of any use to the training of B
as any similarity of tasks may only be 1n the eye of the user.
Finally, the retraining of prior networks may disturb or
destroy the arrangement of weights and cause the network to
not be usetul for 1ts desired task.

Consequently, to make the use of a neural network viable
for processing complex operations, a need exists to be able
to reduce the amount of training that must be done in order
to carry out each operation. More specifically, there exists a
need to reuse the results of previous training efforts and
computer time so that similar classes of problems can be
solved without re-teaching a random network from scratch.
Further, there 1s a need to carryout this training without
adjusting the internal weights or gains of the network.

SUMMARY OF THE INVENTION

The present invention overcomes the deficiencies of the
prior art by providing a student neural network. The student
network 1s capable of receiving a series of tutoring inputs
from one or more teacher networks. The tutoring inputs are
introduced externally to the student by way of a suitable
conducting device such as metal pins. The tutoring inputs
are repeatedly processed by the student until, using a suit-
able method such as back propagation of errors, the outputs
of the student approximate the outputs of the teachers within
a predefined error range.

Once the desired outputs are obtained, the weights of the
student network are set. Using this new weight set the
student 1s now capable of solving all of the problems of the
teacher networks without the need for adjustment of its
internal weights. Further, 1 the user desires to use the
student to solve a different series of problems, the user only
needs to “retrain” the student by supplying a diflerent series
of tutoring mnputs. Thus, 1n order to “retrain” the student
direct access to the weights of the student 1s not necessary.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more fully understood
from the detailed description and the accompanying draw-
ings, wherein:

FIG. 1 1s a system block diagram showing the general
components of the invention, the invention providing a
student neural network that 1s trained by one or more teacher
neural networks to solve all of the problems that the teacher
networks are capable of solving;

FIG. 2 1s a diagram showing the configuration and inter-
connection of the nodes of the teacher network;

FIG. 3a 1s a table illustrating the problem set input data,
teacher output, and teacher weight settings of numerous
different teacher networks, the weights of each teacher
network set so as to solve a different Boolean function:

FIG. 36 1s a continuation of table 3a.

FIG. 4 1s a diagram showing the configuration and inter-
connection of the nodes of the student network;

FIG. 5a 1s a table 1llustrating the tutoring inputs supplied
by the different teacher networks for introduction into the
student network;

FIG. 56 1s a continuation of FIG. 5a.

FIG. 6a 1s a table illustrating the tutoring mnputs that are
repeatedly run through the student until the student produces
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outputs that are within a pre-selected range of error when
compared to the outputs of each teacher network;

FIG. 6b 1s a continuation of FIG. 6a.

FIG. 7 1s a table illustrating the weight set used by the
student network to obtain the outputs of FIG. 6; and

FIG. 8a provides a table 1llustrating inputs processed by
the student using the weight set of FIG. 7 and the resulting
outputs associated with each nput.

FIG. 856 provides a table illustrating additional inputs
processed by the student using the weight set of FIG. 7 and
the resulting outputs associated with each input.

FIG. 8c provides a table illustrating further inputs pro-
cessed by the student using the weight set of FIG. 7 and the
resulting outputs associated with each input.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(Ll

The following description of the preferred embodiment(s)
1s merely exemplary 1n nature and 1s 1n no way 1ntended to
limit the invention, 1ts application, or uses.

A neural network system 10 according to a preferred
embodiment of the present invention 1s illustrated in FIG. 1.
Neural network system 10 generally includes at least one
teacher neural network 12 and a student neural network 14.
The neural networks 12, 14 may be of any suitable type of
neural network but, for exemplary purposes, will be
described as feed-forward neural networks. Teacher network
12 1s trained to process mformation to solve a particular
problem using any suitable conventional training method.
The information created as a result of traiming teacher
network 12 1s conserved within the network 12 and used as
“tutoring inputs” to the student network 14. Using the
tutoring inputs from teacher network 12, the student network
14 learns the method of producing results approaching the
results of the teacher network 12 over a class of datasets of
similar problems. After the student 14 has learned to solve
the problems of one or more teacher networks 12, no future
training or adjustment of student network 14 1s required.

The teacher neural network 12 will now be described in
detail. As seen 1n FIG. 2, teacher neural network 12 includes
four mput nodes. The input nodes consist of two process
mputs 16, X1 and X2, and two bias mputs 18, J0. Each
process input 16 may be in the form of a variety of diflerent
inputs but will be described as either a logic one or a logic
zero. Consequently, there are four different possible combi-
nations of process mputs 16, the four possible combinations
being the following: 0,0; 1,0; 0,1, 1,1. In contrast, both bias
inputs 18 are preferably set at 1.

Each mnput node 16, 18 1s connected to an output node A2
20. The mputs 16, 18 may be either directly connected to
output 20 or by way of hidden node J1 at 22. Hidden node
22 1s a summation point at which the value of the inputs 16,
18 are summed before they are sent to output node 20.

The connection strength between input nodes 16, 18,
output node 20, and hidden node 22 1s expressed by weights
24. As 1llustrated 1n FIG. 2, the weights 24 between each
node 16, 18, 20, and 22 are represented using an annotation
in the form of a letter followed by two numbers. The letter
“A” represents the output node 20 and the letter “J” repre-
sents the hidden node 22. The first number following either
letter represents the destination node and the second letter
represents the originating node. For example, input node X1
16 1s connected to output node A2 20 by weight A<2,1> 24.
The value of each weight 24 diflers according to the par-
ticular problem to be solved. The exact setting of weights 24

10

15

20

25

30

35

40

45

50

55

60

65

4

for each problem may be determined using any suitable
method or process such as back propagation of errors.

The connection strength between input nodes 16, 18, and
either hidden node 22 or output node 20 1s determined by
multiplying each value input to nodes 16, 18 by each
corresponding weight 24 connecting iputs 16, 18 to either
hidden node 22 or output node 20. The resulting products are
then summed at the hidden node 22 and at the output node
20. Specifically, the value of hidden node 22 1s determined
using the following equation:

A<l 1> X1+4<1,2>%X2+]<1,0>*JO.

Further, the value of the output 20 1s determined using the
following equation:

J<2,05%J0+A4<2,15*X1+4<2,25*X2+Tan k(0.5(J1)).

While the above described teacher network 12 consists of
four mput nodes 16, 18 and one hidden node 22 connected
to an output 20, Applicant’s invention 1s not limited to such
a configuration. Specifically, the teacher network 12 of
Applicant’s mvention may consist ol any suitable neural
network having any number of mput nodes, output nodes,
and hidden nodes interconnected in any suitable configura-
tion.

The above described teacher neural network 12 may be
used to solve a wide variety of different equations, such as
Boolean functions. As seen in FIGS. 3a and 35, sixteen
different teacher neural networks 28 through 58 may each be
used to solve one of sixteen diflerent Boolean functions 60.
Specifically, FIG. 3 provides the function 60 to be solved,
the different possible problem sets or mputs 62 to input
nodes 16, the teacher network solution outputs 64, and the
settings of weights 24 required to obtain the outputs 64 at
table 66. It will be appreciated that the weights shown are
merely for 1llustrative purposes and are simply examples of
welghts that may be used to solve the particular function.
The weight value 24 connecting each node 1s read by cross
referencing the nodes of each weight set 66. For example, in
order to obtain the desired output 64 from network 28 when
solving the Boolean function NULL, the following weight
set 66 must be used:

WEIGHT VALUE
A<l 1> ~4.11
A<l,2> ~4.09
I<1,0> 1.34
A<2, 1> 3.29E-05
A<2.2> ~1.02E-04
1<2,0> ~1.03E-04
J<2,15 ~1.35E-04

The particular Boolean function that each network 28
through 58 1s capable of solving depends upon the settings
of weights 24. As seen 1 FIG. 3 at 66 the weights 24 of
network 28 are set to solve the function NULL, network 30
1s set to solve AND), network 32 solves A~B, network 34
solves A, network 36 solves ~AB, network 38 solves B,
network 40 solves XOR, network 42 solves OR, network 44
solves NOR, network 46 solves XNOR, network 48 solves
~B, network 50 solves ~A+B, network 52 solves ~A,
network 54 solves A~B, network 56 solves NAND, and
network 58 solves ONE.

The method of setting weights 24 will now be described.
As seen 1n FIG. 3, all four possible mnputs 62 are entered into
cach network 28 through 38 via mputs 16 so as to produce
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a total of sixty-four teacher outputs 64, four outputs for each
Boolean function. Using the imput data 62, networks 28
through 58 are repeatedly run until, using a suitable method
such as back propagation of errors, the desired outputs 64
are obtained within a pre-set margin of error. Once the
desired outputs 64 are achieved, the weights 24 used to
obtain the desired outputs 64 are fixed, the fixed weight sets
being displayed in FIG. 3 at 66. Thus, each network 28

through 58 may be repeatedly used to obtain the desired
output 64 1n response to each particular input data set 62.

After the weights 24 of each of the teacher networks 28
through 58 have been set to obtain the desired outputs 64
within the margin of error set by the user, the sixty-four
different 1input data sets 62, the outputs 64 associated with
cach data set 62, and the weight set 66 used to obtain each
output 64 are used as “‘tutoring inputs” to the student
network 14. As seen 1 FIG. 1, the tutoring inputs may be
applied to student network 14 by way of any suitable
conducting device external to the student network 14, such
as metal pins 68. The use of an external conducting device
climinates the need to adjust the internal weights 24 of the
student 14.

As seen 1n FIG. 4, the student neural network 14 consists
of eight input nodes. The eight input nodes consist of two
bias inputs 70, both labeled J0, two process inputs 72,
labeled X1 and X2, and four welght inputs 74 for receiving
the weight sets 66 from the sixteen different teachers 28
through 58. The student network 14 also has three hidden
nodes 76, labeled J1, J2, and I3, and an output node 78,
labeled Ad. As with the teacher network 12, the strength of
the connections between the nodes 70, 72, 74, 76, and 78 are
determined by weights (not specifically shown). Also similar
to teacher network 12, the value entered at bias mputs 70 1s
preferably 1 and the values entered at process inputs 72 are
preferably the following: 0,0; 0,1; 1,0; and 1,1.

Examples of tutoring inputs used to train student network
14 are provided in FIGS. 5a and 5b. As discussed above, the
tutoring 1nputs consist of the four possible combinations of
teacher input data 62 for each teacher network 28 through 58
and the weight set 66 and teacher outputs 64 associated with
cach data input 62. However, 1t must be noted that the weight
set 66, as illustrated 1n FIG. 5, does not include all of the
weights 24 obtained through back propagation of each
individual teacher 28 through 58. Specifically, weights 24
A<1,1>, A<1,2>, and J<1,0> are not included because they
are the same throughout the different teacher networks 28
through 58, thus making the addition of these weights to the
student 14 irrelevant as their inclusion will not change the
output of the student 14. If the weights were not identical,
they would be included as inputs to student 14.

Once the student network 14 receives the tutoring imputs
62, 64, 66 from the teacher networks 28 through 58 as
presented in FIG. 5, the tutoring inputs 62, 64, 66 are
repeatedly run through the student 14 until the student is able
to produce an output at 78 approximating teacher outputs 64
within the range of error selected by the user. For example,
using the tutoring iputs 62, 64, 66 produced by networks 28
through 58 of FIG. 3, the student network 14 was instructed
to solve the sixteen Boolean functions and obtain outputs
similar to the outputs 64 of teacher networks 28 through 58
within an error value of, for example, 0.1. Through back
propagation of errors the student network 14 produced the
outputs 80 of FIGS. 6a and 6. In order to produce the
outputs 80 of FIG. 6 within a range of 0.1 of the teacher
outputs 64, 1t was necessary to run the student network 532
times.
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During the process of learning the tutoring inputs 62, 64,
66, the weights of the student network 14 are adjusted so as
to produce the desired output 80. Once the desired output 80
has been achieved, the weights of the student 14 are fixed.
With the weights of the student network 14 fixed in the
position required to produce the desired output 80, the
student 14 1s now capable of solving all of the sixteen
equations of the teacher networks 28 through 38 without
requiring any adjustment of 1ts weights. For example, using
back propagation, 1t was determined that the use of weight
set 82 (FIG. 7) allows the student network 14 to reach
conclusions that most closely approximate the results 64 of
the teachers 28 through 58. To determine the weight value
between two given nodes, the horizontally listed nodes are
cross referenced with the vertically listed nodes. It must be
noted that the weights of FIG. 7 are shown merely for
illustrative purposes as other weight values may also be
used.

Calculation of an output 84 produced by student network
14 using student weight set 82 1s similar to the calculation
of the output 64 of teacher networks 28 through 58. Thus,
the output value 84 at node 78 1s determined by multiplying
the input values at nodes 70, 72, and 74 by the weights
connecting nodes 70, 72, and 74 to output node 78. Spe-
cifically, the output value 84 at output node 78 may be
determined using the following equation:

A4=X1%-1.800+X2%-1.561+4<2,1>%0.955+4 <2,
2>*1.004+4<2,0>%1.059+<2,1>*-0.968+J0* -
1.296+J1%-1.916+J2%-1.344+73%-1.491.

To determine the values of the hidden nodes J1, J2, and J3
76 the following equations are used:

JI=TAN H(0.5%(X1*-5.414+X2%~0.253+4 <21 "%~
0.071+4<2,25%1.221+J<2,05*-0.014+J<2,
15%0.074+J0%0.199));

J2=TAN H(0.5%(X1%*-5.532+X2%-5.002+4 <2,
15%0.006+4<2,25%1.338+J<2,05*2.043+J<2,
15*-3.539+J0%0.015)); and

J3=TAN H(0.5%(X1*-0.967+X2*-4.891+4<2,1>*~
0.116+4<2,25*-0.068+J<2,05*1.536+J<2,
15%0.233+J0%-3.833)).

Introduction of teacher weights 66 to student network 14
at 74 1s necessary so as to allow the student 14 to i1dentily
which particular Boolean function it 1s to solve. For
example, to solve the Boolean function ONE using the
student neural network 14 the set weights of teacher network
58 used to solve the function ONE are input to the student
at 74. As seen 1n FIGS. 8a, 8b, and 8¢, by using weights 66,
for example, the student network 14 1s able to calculate the
value 84 of output node 78 according to the particular
process input 62 entered by the user. In addition to listing the
tutoring inputs 66 required by the student 14 to solve three
Boolean functions, FIG. 8 also lists examples of possible
process mputs 62 to the student 14, possible values of hidden
nodes 76, and possible student network 14 output values 84
as compared to the possible output values 64 of teacher
networks 28 through 58. As seen in FIG. 8, the student
network 14 has been successiully trammed to produce the
results of the teacher networks 28 through 58 as the differ-
ence between student outputs 84 and the teacher outputs 64
are well within acceptable error ranges.

The values of both process inputs 62 and the teacher
welght inputs 66 may be applied to the student network 14
externally. Specifically, the teacher weight inputs 66 may be
applied to the same pins 68 to which the tutoring inputs 62,
64, 66 are applied. In addition to being directly applied to the




Us 7,062,476 B2

7

student network 14 from teacher 12, the teacher weight
inputs 66 may be transterred from the teacher network 12 to
any other device capable of storing the teacher weights 66
and later delivering the teacher weights 66 to the student
network 14. In contrast, the values of process mputs 62 are
introduced to the student network 14 using any suitable
conducting device such as pins 86.

While the above described student network 14 consists of

input nodes 70, 72, 74, and three hidden nodes 76 connected
to an output 78, Applicant’s invention 1s not limited to such
a configuration. Specifically, the student network 14 of
Applicant’s mvention may consist ol any suitable neural
network having any number of mput nodes, hidden nodes,
and output nodes interconnected in any suitable configura-
tion.
In addition to using student network 14 to solve numerous
different Boolean functions, such as those presented by
teacher networks 28 through 58, the student network 14 may
be used to solve most any problem suitable to being solved
by a neural network. For example, the student network 14
may be used to learn different aircraft thght control com-
mands and operations as presented by any number of teacher
networks.

In order to reprogram the student network 14 to solve a set
of problems different from those solved by teacher networks
28 through 38, it 1s not necessary to change any of the
internal weights of the network 14. In order to reprogram the
network 14 1t 1s only necessary to supply a new series of
training mputs 62, 64, 66 at external input 68. Consequently,
on-line learning and relearning i1s made possible without
encountering the problems associated with obtaining access
to a network’s internal weights.

Thus, a student neural network 14 has been described. The
student network 14 1s capable of recerving a series of
tutoring 1puts 62, 64, 66, from one or more teacher net-
works 12. The tutoring mputs 62, 64, 66 arc introduced
externally to the student 14 by way of a suitable conducting
device such as metal pins 68. The tutoring inputs 62, 64, and
66 are repeatedly processed by the student 14 until, using a
suitable method such as back propagation of errors, the
outputs 84 of the student 14 are within a predefined error
range.

Once the desired outputs 84 are obtained, the weights of
student 14 are set according to weight set 82, however, it
must be realized that weight set 82 1s shown simply for
illustrative purposes as other weights could possibly be
used. Using the weight set 82, the student 14 1s now capable
of solving all of the problems of the teacher networks 28
through 58 without the need for adjustment of 1ts internal
weights. Further, if the user desires to use the student 14 to
solve a diflerent series of problems, the user only needs to
retrain the student 14 by supplying a different series of
tutoring nputs 62, 64, 66. Thus, mn order to re-train the
student 14 direct access to the internal weights of student 14
1S not necessary.

The description of the mvention 1s merely exemplary in
nature and, thus, variations that do not depart from the gist
of the mvention are intended to be within the scope of the
invention. Such variations are not to be regarded as a
departure from the spirit and scope of the invention.

What 1s claimed 1s:

1. A neural network system comprising:

a teacher neural network, said teacher neural network
capable of receiving and processing a problem set so as
to produce a series of tutoring inputs, said tutoring
inputs including an output solution to said problem set;
and
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a student neural network trained using said tutoring inputs
to produce a student output that closely approximates
said output solution, and 1s operable to be retrained by
repeatedly processing a different set of tutoring inputs
derived from a different teacher network.

2. The neural network system of claim 1, wherein said
teacher neural network comprises at least one teacher input
node and at least one teacher output node, said teacher input
node and said teacher output node interconnected 1n accor-
dance with teacher weights set to permit said teacher neural
network to arrive at said output solution.

3. The neural network system of claim 2, further com-
prising at least one hidden node.

4. The neural network system of claim 2, wherein said
tutoring inputs comprise said teacher network weight set-
tings, said output solution, and said problem set input.

5. The neural network system of claim 4, wherein said
student 1s tramned by repeatedly processing said tutoring
inputs until values of said student weights that produce said
student output approximating said output solution are
obtained, said student weights being fixed at said values.

6. The neural network system of claim 3, wherein said
training 1s accomplished through back propagation of errors.

7. The neural network system of claim 5, wherein said
student processes an input using said fixed student weights
to produce said student output.

8. The neural network system of claim 1, wherein said
tutoring mnputs are introduced to said student neural network
using a suitable conducting device external to said student
network.

9. The neural network system of claim 1, wherein said
teacher network 1s comprised of more than one teacher
network.

10. The neural network system of claim 9, wherein said
student network 1s traimned using tutoring mmputs from said
more than one teacher network to produce a student output
that closely approximates an output solution produced by
any one of said more than one teacher network.

11. A method of using a student neural network to produce
student outputs that closely approximate an output solution
produced by a teacher neural network comprising:

providing a teacher network with teacher weights set to
produce an output solution in response to a specific
problem set input;

transierring said teacher weights, said problem set input,
and said output solution to said student network having
student weights;

training said student network using said teacher weights,
said problem set input, and said output solution so as to
arrive at a setting for said student weights that causes
said student network to produce a student output that
closely approximates said output; and

retraining said student network through the introduction
of a second set of teacher weights, a second problem set
iput, and a second output solution all produced by a
second teacher network.

12. The method of claim 11, wherein said teacher weights,
said problem set input, and said output solution are trans-
terred to said student network by way of a conducting device
external to said student network.

13. The method of claim 11, wherein said training step 1s
accomplished by back propagation of errors.

14. The method of claim 11, wherein said teacher network
1s comprised of more than one teacher network.



Us 7,062,476 B2

9

15. The method of claim 14, wherein said student network
1s trained using an output solution, a problem set input, and
teacher weights from said more than one teacher network to
produce a student output that closely approximates an output

solution produced by any one of said more than one teacher 5

network.
16. A neural network system comprising:
a first teacher neural network having first internal weights
operable to solve a first problem set; and
a student neural network in receipt of said first internal
weights, said student neural network operable to solve
said first problem set using said first internal weights.

10
17. The neural network system of claim 16, further

comprising a second teacher neural network having second
internal weights operable to solve a second problem set, said
student neural network in receipt of said second internal

weights to permit said student neural network to solve said
second problem set.

18. The neural network system of claim 16, wherein said
student neural network 1s retrained by a second teacher

o heural network to solve a second problem set.
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